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Synthetic diamond production is key to the development of quantum metrology and quantum
information applications of diamond. The major quantum sensor and qubit candidate in diamond is
the nitrogen-vacancy (NV) color center. This lattice defect comes in four different crystallographic
orientations leading to an intrinsic inhomogeneity among NV centers that is undesirable in some
applications. Here, we report a microwave plasma-assisted chemical vapor decomposition (MPCVD)
diamond growth technique on (111)-oriented substrates that yields perfect alignment (94± 2 %) of
as-grown NV centers along a single crystallographic direction. In addition, clear evidence is found
that the majority (74 ± 4 %) of the aligned NV centers were formed by the nitrogen being first
included in the (111) growth surface and then followed by the formation of a neighboring vacancy
on top. The achieved homogeneity of the grown NV centers will tremendously benefit quantum
information and metrology applications.
INTRODUCTION
In recent years many single quantum systems have
been explored as qubits and quantum sensors[1–3]. How-
ever, when it comes to realizing quantum technologies
several, ideally identical qubits, are needed to build quan-
tum registers and quantum sensors. This requirement
often limits the scaling of quantum devices and the per-
formance of sensing devices. A well studied single quan-
tum system is the nitrogen-vacancy (NV) defect in dia-
mond, where the qubit or sensor comprises electron and
nuclear spins associated with the defect[4, 5]. Major ad-
vantages of this system are the optical accessibility of
single spin quantum states, long spin coherence lifetimes
at room temperature and its nanoscopic size[6]. Several
quantum technological benchmark experiments have al-
ready been realized with this system, ranging from en-
tanglement generation and storage[7–9], simple quantum
computing algorithms[10] and nanoscale precision mea-
surements of electric[11] and magnetic fields[12, 13] and
temperature[14–16]. Apart from using individually ad-
dressable NV centers, these defects can also be used as an
ensemble for high precision magnetic field sensors[17, 18]
or as frequency standards[19]. In addition, ensembles of
NV centers have been used in hybrid devices where the
spins are coupled to the mode of a superconducting mi-
crowave resonator[20, 21].
NV defects in the diamond lattice consist of a sub-
stitutional nitrogen atom and adjacent carbon vacancy
pair orientated along 〈111〉 (see fig. 4a). Hence, the de-
fects exhibit C3v symmetry and can be aligned along one
out of the four 〈111〉 crystallographic axes. For purely
magnetic interactions between the NV spin and external
fields or other spins, the precise order of the nitrogen (N)
atom and vacancy (V) along the crystallographic axes
does not matter. However, the four possible crystallo-
graphic alignments lead to an inhomogeneity among NV
centers and problems in applications where the alignment
homogeneity of the NV centers is crucial. Such applica-
tions include those where alignment to an external mag-
netic field is vital or a NV quantum spin register, where
a single misaligned center may render the whole regis-
ter unusable[11, 22]. Indeed, this requirement makes the
creation of NV registers extremely demanding. In a spin
ensemble up to 75% of all spins might be unusable and,
worse still, the unusable spins may deteriorate the de-
vice performance. Consequently, a deliberate alignment
of NV centers is of great importance for many applica-
tions. Due to refined insight into the NV centers proper-
ties [23, 24] the orientation of the N-V pair can now also
be determined using the combined application of electric
and magnetic fields. Different orientations for a given
alignment cause only minor variations of the spin prop-
erties.
Non-uniform incorporation of impurities among dif-
ferent growth sectors is known in synthetic high pres-
sure and high temperature (HPHT) diamond crystals as
well as in CVD diamond [25–29]. Thus, homoepitax-
ial CVD growth using different orientations of HPHT
substrates such as (100), (111), (110), (113) is poten-
tially useful for controlling the incorporation of impu-
rities. Preferential alignment of NV centers along two
out of four symmetry-related sites was achieved by us-
ing (110)-oriented substrates[28] or risers of {110} facets
in the case of step-flow growth using (100) substrates[30].
Homoepitaxial CVD growth on (111)-oriented substrates
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2is a potential method to obtain a perfect alignment of
color centers having C3v symmetry, such as NV, and D3d
symmetry, such as SiV. While homoepitaxial (111) CVD
growth is used for incorporation of phosphorus donors,
the growth of high-purity, high-quality (111)-oriented
CVD films has not been studied until recently [31]. The
crystalline quality of CVD films is affected not only by
the densities of dislocations and stacking faults of the
HPHT substrates but also by the quality of the polished
surface. High-quality, large HPHT synthetic crystals,
which are grown with the (100) growth sectors domi-
nant, are not fitted to obtain (111)-oriented substrates
efficiently by cleavage, moreover, the (111) surface is dif-
ficult to polish.
Here, we experimentally demonstrate perfect alignment
of as grown NV centers along a single crystallographic
axis. Furthermore, we can also show preferential orien-
tation along the latter axis. The NV centers were created
by microwave plasma-assisted chemical vapor deposition
(MPCVD) diamond growth on a diamond substrate with
a (111) surface. We analyze the CVD diamond layer and
substrate by secondary ion mass spectrometry (SIMS)
and confocal microscopy. Optically detected magnetic
resonance (ODMR) techniques are applied to the NV
centers to verify their alignment and orientation. More
specifically, ODMR was combined with an axially aligned
magnetic field to verify the alignment of the NV centers
and ODMR was combined with both transverse magnetic
and electric fields to determine the orientations of the NV
centers[23, 24].
RESULTS
CVD growth
High-purity homoepitaxial diamond (111) film was
deposited using a MPCVD apparatus (for details see
Ref. 32). A type Ib (111) diamond crystal prepared
by HPHT method was used as a substrate (size: 2.0 ×
2.0 × 0.5 mm3). It typically contained 100 ppm nitro-
gen. As source gases we used 9N-grade high-purity hy-
drogen and 12C enriched methane with isotopic ratio
99.999 %. The 12CH4 contained nitrogen with a con-
centration of ∼ 3 ppm; it was therefore purified using
a zirconium purifier. The residual nitrogen to carbon
amount ratio is less than 10 ppb (8N-grade). The total
gas pressure, microwave power, methane concentration
ratio (12CH4/H2), growth duration and substrate tem-
perature employed were 140 Torr, 1.2 kW, 1 %, 135 min,
and 1030± 20 ◦C, respectively.
Since the incorporation efficiency of (111)-oriented
crystals is relatively higher than that of (100) crystals,
tiny amount of nitrogen need to be introduced into the
reactor for the formation of nitrogen related defects. In
this study, nitrogen in the substrate was intentionally
FIG. 1. MPCVD diamond growth. Schematic of growth
steps of (111) oriented homoepitaxial diamond growth by
MPCVD. a, Normal growth mode with 12C isotopic enriched
methane flow. b, Etching mode with oxygen flow. Nitro-
gen and 13C (1.1 % of total carbon) were etched out from the
side wall of the substrate that was exposed to the plasma.
c, Normal growth mode as in a. d, Nomarski-mode optical
microscope image of homoepitaxial diamond (111) film grown
by MPCVD. Substrate had off cut in the direction from the
lower right side to the upper left side of this image.
utilized together with unintentionally introduced nitro-
gen. During the diamond MPCVD process, CH4 flow
was stopped and instead O2 flowed with the concentra-
tion ratio (O2/H2) of 2 % for 5 min. Schematic of growth
step is shown in fig. 1a-c. This O2 flow process was re-
peated 9 times.
Figure 1d shows optical microscope image of the ho-
moepitaxial diamond (111) film grown by MPCVD. The
surface is rather flat without any non-epitaxial crystal-
lites. The calculated average roughness was evaluated to
be <15 nm using a laser microscope equipped with ultra-
violet laser. From the SIMS measurement, the homoepi-
taxial layer thickness was estimated to be 7.4µm and
the 12C isotopic ratio during the 12CH4 flow was proved
to be 99.99839 ± 0.00002 %, which is the highest among
reported carbon isotopic enriched diamond crystals[33].
The growth rate in this condition was 3.3µm h−1.
It was also found that the 12C isotopic ratio decreased
down to 99.99802 % at the depth position where the O2
flow process was applied. This means 13C came from the
substrate and diamond was grown during the O2 flow
mode. This phenomenon also suggests that nitrogen is
possibly introduced into the plasma, together with car-
bon, through plasma etching of the Ib substrate. Please
note that the growth during the O2 flow mode was not
confirmed for (100) orientation growth.
3Optical and magnetic resonance analysis
Negatively charged NV centers
The following optical and spin resonance analysis is
constrained to the negative charge state of the NV defect
(NV−) which is also the desired one in terms of quan-
tum applications. The electronic ground and first ex-
cited state of NV− is a spin triplet. Optical illumination
leads to subsequent, electron spin state dependent fluo-
rescence and spin polarization[6, 34]. This enables single
spin ODMR [6].
The defect coordinate system is oriented such that the
z-axis is aligned along the NV symmetry axis, i.e. along
one of the crystallographic 〈111〉 directions. In addi-
tion the x-direction lies in one of the center’s reflection
planes, which contains N, V and a carbon atom adjacent
to V (see fig. 4a). The spin Hamiltonian relevant for the
present work is
H = DSˆ2z + γNVB · Sˆ −
k⊥
[
Ex
(
Sˆ2x − Sˆ2y
)
− Ey
(
SˆxSˆy + SˆySˆx
)]
, (1)
where Sˆi are the S = 1 spin operators, D is the zero-
field splitting of the mS = 0 and ±1 spin sublevels,
B is the magnetic field vector, γNV is the gyromag-
netic ratio of the NV electron spin, and the last term
describes the interaction with an external electric field
(k⊥ = 170 kHzµm V−1) with transverse components
Ex, Ey [23].
Optical analysis
The unprocessed, as grown diamond sample is first in-
vestigated with respect to the presence of NV centers
using confocal laser scanning fluorescence microscopy[6].
A confocal scan of a plane perpendicular to the diamond
surface is shown in fig. 2a. In the top part the con-
focal volume was scanned through the immersion oil.
The interface between oil and diamond (dashed white
line) is followed by the less fluorescent CVD layer of
≈ 10µm thickness (compare to more accurate SIMS re-
sult of 7.4µm). In the CVD layer several fluorescent
stripes are visible, which we assign to single NV centers.
Below the CVD layer the diamond substrate is visible
exhibiting a much higher density of NV centers.
In fig. 2b a lateral confocal scan through the CVD layer
reveals many single NV centers. For the following analy-
sis of NV center alignment and orientation we randomly
chose a high number of NV centers within the displayed
three dimensional region of the CVD layer. We can not
exclude that few of the chosen NV centers lie already
within the substrate.
5µm2µm
a b
FIG. 2. Confocal microscopy reveals CVD layer. a,
Axial confocal microscopy scan. The sample surface is marked
by a white dashed line. From top to bottom we see the CVD
layer and the substrate (see text). In vertical direction the
image appears shrunk by roughly a factor of two due to the
refractive index mismatch at the oil/diamond interface. b,
Lateral confocal microscopy scan within the CVD layer re-
veals individually resolvable NV centers.
Magnetic resonance
NV alignment via magnetic field application. Here we
identify the NV alignment by taking ODMR spectra of
randomly chosen NV centers in the optically character-
ized region of the CVD diamond layer. To this end a
magnetic field of B ≈ 4.1 mT is aligned roughly perpen-
dicular to the diamond surface, i.e. along one of the
〈111〉 crystal axes. According to eq. (1), those NV cen-
ters which are aligned along the latter axis have a max-
imum Zeeman splitting of spin levels mS = −1 and +1
of 2γNVB ≈ 115 MHz, whereas all other centers exhibit
a considerably smaller splitting. In fig. 3 the spin tran-
sitions mS = 0↔ ±1 are displayed for 232 different NV
centers in the CVD layer. Almost all NV centers (218)
show the maximum splitting (i.e. alignment perpendicu-
lar to the crystal surface). Occasionally, some NVs (14)
show a different alignment. We conclude that at least
94± 2 % of all NV centers within the CVD growth layer
are aligned along the growth direction.
NV orientation via combined electric and magnetic
field application. We seek to also determine the orien-
tation of the centers. The simultaneous application of
transverse parallel electric and magnetic fields reveals the
threefold rotational symmetry of the NV spin Hamilto-
nian in eq. (1). The spin transition frequencies are
f± = f± (0)∓ k⊥E⊥ cos (3ϕ) (2)
where f± (0) is only dependent on the magnitude of the
transverse magnetic field, E⊥ the electric field strength
and ϕ the transverse orientation of the electric and mag-
netic fields [24].
At different ϕ, we perform ac-electrometry [11] to de-
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FIG. 3. ODMR reveals perfect NV alignment. Hori-
zontal stack of ODMR spectra (vertical) of 232 different NV
centers (horizontal) in the CVD grown layer. The fluorescence
intensity of the spectra is color coded. The dominant reso-
nances (green horizontal lines) belong to NV centers that are
aligned perpendicular to the diamond surface. Occasionally
misaligned NV centers appear that have resonances which are
spectrally within the two horizontal lines.
26 %
74 %
a b [121]
[101]_
[111]
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_
FIG. 4. Orientation of aligned NVs. a, Crystal struc-
ture of the diamond sample. The two carbon sublattices are
displayed in different shades of gray. Crystallographic direc-
tions are given where [111] (belongs to 〈111〉) is perpendicu-
lar to the sample surface. Two possible NV orientations with
the perfect alignment are given (red with N up, blue with N
down); vacancy is white and nitrogen is dark red or dark blue
respectively. b, Polar plots of spin level shifts in kHz. The
angle gives the direction of electric and magnetic fields. The
two distinct three-leaves correspond to the two orientations of
the perfectly aligned NV centers. Of all investigated aligned
NV centers 74 % were N down and 26 % N up.
termine f±. The observed dependence of the lower tran-
sition frequency f− on ϕ is displayed in fig. 4 and corre-
sponds to the trigonal structure of the NV center, where
a lobe of the pattern is orientated in the direction from
the vacancy to one of its nearest neighbor carbon atoms.
Two distinct orientations of the threefold pattern, which
differ by a pi-rotation, are found in the CVD layer of in-
vestigated NV centers.
The diamond sample is a single diamond crystal and
the crystallographic orientations of its faces have been
characterized by X-ray crystallography, shown in fig. 4.
Two different orientations of NV centers with symmetry
axes perpendicular to the surface exist. Since the lobes of
the threefold patterns correspond to the vacancy - near-
est neighbor carbon directions of each NV center, the
precise orientation of each NV center can be assigned.
We have characterized 186 perpendicular NV centers in
the CVD layer and have found a preferential orientation
of 48 : 138 for the nitrogen atom of the NV center point-
ing up vs. pointing down. More precisely 74± 4 %, have
an orientation such that the nitrogen is located closer to
the substrate.
discussion
We have shown experimentally that NV centers in
as grown diamond layers produced by homoepitaxial
MPCVD on {111} surfaces are not only perfectly aligned
perpendicular to the surface, they are also mainly ori-
ented such that the nitrogen atom is deeper inside the
diamond than the vacancy.
Very recently, the incorporation of substitutional ni-
trogen (Ns), NV and NVH defect centers during CVD
diamond growth for typical surface orientations has been
elucidated by quantum-chemical simulations [35] in or-
der to understand alignment and orientation of these
as grown defects. Regarding the formation of NV cen-
ters during CVD growth on (111) surfaces they conclude
that Ns in the topmost atomic double layer (see two up-
permost layers in fig. 4a) is most stable, particularly in
the displayed dark gray C positions. Furthermore, Ns
is much more stable than a comparable NV center with
the V in one of the neighboring light gray C positions.
This is consistent with the lack of misaligned NV centers
in our CVD layer. Furthermore, the findings in Ref. 35
support our observed preferential orientation because Ns
atoms are supposed to grow in first during NV center
formation. Based on our findings, experimental growth
conditions might be refined in order to improve the de-
gree of preferential orientation, to increase the yield of
such NV centers and the ratio of NV/Ns, which is ex-
pected to be tiny[35].
Our presented technique and its potential for improve-
ments will have direct impact on NV based quantum de-
vices. Particularly, in the envisioned hybrid quantum
devices, where ensembles of NV centers are coupled to,
for example, superconducting [20, 21], optical[36] and
mechanical[37, 38] resonators, a homogeneous NV ensem-
ble is of great importance. Where coupling to phonons
is exploited, even the NV orientation will have a high
influence on ensemble homogeneity. Combined with re-
cently developed techniques for the production of robust
NV ensembles close to the diamond surface[39], the cre-
ation of aligned NV centers will greatly improve related
5sensors[18, 40, 41]. Finally, sensors based on NV en-
sembles in bulk diamond would benefit directly from our
results because the established homogeneity will increase
their signal to noise ratio by a factor of four as compared
to no preferential NV alignment[17].
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